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PREFACE 
Digestion is one of the basic physiological functions. This fact 
' alone is reason enough for undertaking this study. It is unfortunate 
that we do not have more physiological data for economically importarit 
insects rather than just the few species that have been used previously. 
With the advent of extensive laboratory rearing perhaps more physiolo-
gical research will be done on economic pests. 
My interest in digestion evolved out of background work with arti-
ficial diets and mass production of insects. · It is very annoying when 
working with diets not to be able to understand the interactions between 
the diet and the insect. Also, it is a less difficult task if the cap-
abilities of the insect are known. With these things in mind and an 
interest in carboqydrates, this study was initiated. 
The author wishes to acknowledge the assistance and to extend 
thanks to those who have aided in this investigation: Dr. John R. Sauer9 
Insect Physiologist and Associate Professor of Entomology for his val-
uable assistance, technical direction and encouragement; Dr. Calvin G. 
Beames, Jr., Professor, Department of Physiology, for his helpful 
suggestions; and to Dr. Raymond D. Eikenbary, Professor, Department of 
Entomology for his encouragement and understanding. The author wishes 
to thank Ors. Sauer, Beames, and Eikenbary for serving as members of 
his graduate committee, their guidance in the graduate program, and 
critical review of t!lemanuscript. 
Special appreciation is extended to Jim Stark and Vicki Bartels 
iii 
for their devoted assistance,in th~ laboratory,through the course of 
this study and to Susan Munoz for typing the rough draft and other 
valuable assistance. 
My very special thanks are extended to Dr. Kenneth J. Starks, 
Research Leader, Agricultural Research Service, U. S. Department of 
Agriculture and Associate Professor, Entomology Department who served 
as academic and research advisor. His abilities as an advisor and his 
patience and understanding has done the most to make this investigation 
a p 1 easant one .. 
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Neunzig (1963) listed the host plants for the corn earworm, 
Heliothis zea (Boddie)o The list is long and includes 9 families of 
plants but in spite of such a variety of natural host plants it appears 
that crop plants makes up the diet for the majority of the populations 
in the United States. It is a commonly known fact that hardly an ear 
of corn escapes injury by this insect in the southern half of the U.S. 
Other crops attacked extensively are cotton, tobacco, tomatoes, soybeans, 
peanuts, peppers, alfalfa, sorghum, and many others. The insect is 
undoubtedly one of the most, if not the most, important agronomic 
insect pest in the United States. 
With increasing human populations and decreasing food supplies it 
becomes more important each year to control this pest. Currently we 
can only afford to control it on high value cash crops such as cotton, 
tobacco, and sweet corn. Therefore, the large acreages, such as the 
millions of acres of field corn, go unprotected. The development of 
low-cost control for large regions must be developed to prevent these 
losseso Such an innovation may never be developed but if it is it will 
probably be based on all of the biological information including 
physiology that can be obtained for this pest. For this reason we must, 
as researchers, develop a 11 dossier 11 for this insect, and other pests, 
in order that we may draw upon this information as needed. 
2 
The corn earworm must, as most animals do, digest its food. The 
function of digestion in the corn earworm is one .qf the most basic 
aspects of its physiology. Despite this .fact no work has previously 
been done for this insect,. Although the digesti,ve processes have been 
studied in other insects few comparisons can be made between species 
since each has its characteristic enzymati.c complement. The variety of 
individual specificity for hosts creates.the.species specific needs for 
enzymes. The study of digestive .function in .a 11 insects thus becomes a 
very interesting one in view of the fact that almost every natural 
organic substance is eaten by some type of insect. Thus the list of 
digestive enzymes in insects is a long one and -information regarding 
these enzymes is scant although at least 50 years have gone into the 
study of insect digesti9n. Swingle (1925, 1928) and Wigglesworth (1927) 
both published excellent enzyme studies in,the 1920 1 s and the subsequent 
flow of information, though sporadic, has continued. Much of this 
information is aptly reviewed by several writers (Day and Waterhouse 
1953; Waterhouse 1957; Gilmour 1961; Barrington 1962; House 1965a; 
Chapman 1969; Wigglesworth 1972). These reviews show the diversity 
expected in insects' ability to digest a variety of foodstuffs. 
Corn earworm larvae prefer the frui.ting bodies of host plants 
(McMillian et al. 1967). This preference may .furnish a favorable 
situation for the insect to develop in coordination with the maturation 
of a host such as corn .. Early instar larvae would be expected to 
require a high protein diet and this could be furnished by corn pollen, 
silks, and immature kernels, Later instars could concievably need vast 
amounts of carbohydrate f,or energy and these could be supplied by more 
mature kernels. It is during these late instars that the vast majority 
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of plant material is consumed ... Perhaps .the factor that terminates 
injury to corn kernels is not the discontinuation .of the need for carbo-
hydrates by late instar larvae but instead the drying of kernels below 
a moisture level necessary.for palatability, 
The digestive enzymes that attack carbohydrates, ca 11 ed carbohy-
drases, make up the greatest. percent of the tota 1 .number of the di ges-
ti ve enzymes. Fewer known enzymes occur for proteins and lipids and 
these appear less specific than the carbohydrases. Also, the number of 
naturally occurring carbohydrates in plants is large and in order for 
these to be utilized nutritionally by the insect they must be digested. 
The naturally occurring carbohydrates are complexes of monosaccharides, 
usually hexoses, such a~ glu.cose, fructose, and galactose. The mono-
saccharides are the forms that can be absorbed by the gut of the insect; 
therefore, the insect must break down the complex carbohydrates into 
the individual monosaccharides before they can be utilized. The enzymes 
that digest the complex carbohydrates are specific for the various type 
of monosaccharide as well as the type of bonding between the mono-
saccharide units. These glycosidic linkages can be either a or S 
depending on the steric arrangement around the anomeric carbon atom 
which is the reactive center of the monosaccharide molecule. Thus, an 
enzyme referred to as an a-glucosidase is specific for both an a-link-
age and a glucose sugar and a s-fructosidase is specific for both a 
s-linkage and a fructose sugar. 
One of the more immediate needs for research in digestive physi-
ology relates to the great interest in the p~oduction of insects on 
artificial diets. The formulation of diets would be somewhat simpler 
and perhaps more economical it seems if digestive capabilities of the 
4 
insect are known, especially when using natural preducts to supply the 
needs of the insect. In a recent review article, Vanderzant (1974) 
cites 159 different works concerning artificial diets and admits that 
these are only selected from a voluminous amount of material. Nor can 
digestion be separated completely from nutrition, dietary requirements, 
and food utilization in which the literature abounds. Good review 
articles in these areas have been prepared by several writers (Trager 
1953; Lipke and Fraenkel 1956; Friend 1958; House 1961; Dadd 1963; 
House 1965b; Chapman 1969; Wigglesworth 1972). 
CHAPTER II 
METHODS AND MATERIALS 
The Corn Earworm Colony 
All of the corn earworms used in these tests were reared in the 
laboratory. The original. colony was. acquired .:from the Southern Grain 
Insects Research Laboratory., ARS, USDA., . .Tifton, -GA., The colony had 
selection of the more fecund.females .and 0 the elimination of diseases 
through selection of disease (Nosema heliethidis Lutz and Splendor) free 
eggs from non-infected females. The techniques used in these selections 
are described by Hamm et al. (1971). As some selection has been done on 
the colony, the corn earworms should be superior to natural ones, at 
least in terms of the selection. It is very doubtful that the insect 
was altered in such a way as to affect the results of the tests herein, 
although such an action cannot be completely discounted. 
Insects were reared basically according to previously published 
techniques. Mani pul at ion techniques used are generally described by me 
(Burton 1969) but with.spme deviations. The eggs were not surface 
sterilized. Since dis~,,e, either within the colony or sources of 
contamination in the lqporatory, did not exist, it was thought unneces-
sary to surface sterilize eggs. Eggs oviposited on cloth were trans-
ferred daily from the a,dult cages to qt. Mason jars covered with filter 
paper until hatch. Ind1vidu.al, newly hatched larvae were placed one/ 
diet cup by using a small artist brush. About 100 cups/day were 
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established 6 days/week. High humidity was,maintained for the cups of 
larvae for about 10 days. At the end of.this time larvae were moved to 
an area of low humidity where they completed development to the pupal 
stage. Adults were a 11 owed to emerge in the cups where they were 
selected for healthy looking individuals to be used for maintaining the 
colony. Males and females were placed in l gal ,ice cream cartons and 
fed 10% sucrose solution on a cotton wiak. Ovtposition occurred on the 
cotton cloth top of the cage. This .was changed daily along with the 
sucrose solution. 
The larval diet procedures .have also .been published (Burton 1970). 
Although 3 other diets for .the corn earwor,m exist, the CSM diet is the 
least expensive and above .all, the simplest .to .formulate. It, therefore, 
became the choice. CSM is a child food supplement product containing 
corn, soy flour, and milk solids ,with .vitamins and minerals added. To 
formulate the diet the following ingredtents are added: yeast, 
ascorbic acid, methyl paraber, ,sorbi c acid, formaldehyde, and agar. The 
type of diet could very well have an effect on the outcome of digestion 
studies and tests should be run to investigate differences among the 
available diets. 
Selection of Specimens for Testing 
Various stages of the insect were used, but in all cases only 
actively feeding larvae.were chosen. This action is counter to that of 
many digestive enzyme studies where only starved insects are used. 
However, the use of feeding larvae seems the only plausible method, 
since many studies show that the food itself actually stimulated the 
production of digestive enzymes (Fisk 1950; Saxena 1955; Srivastava 
1961). !t appears, then, that unless an insect is actually feeding, 
the data would not show the insect's .full capaai-lity of enzyme produc-
tion and if an enzyme were synthesized at a -low rate, there might be a 
possible inability to detect it .. Sundaram and Jarshney (1969) suggest 
this possibility for the inability to detect proteinase in a noctuid. 
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Feeding was determined by the presence of the food bolus on 
dissection of the larva. If the larva had evacuated the gut, then the 
specimen was discarded. It was observed that if the last instar larvae 
had begun its attempt to escape the container by chewing out on its 
quest for a pupation site, then it was most certain that feeding had 
ceased and no food bolus would be found. This characteristic made 
selection of last instar larvae-much simpler and only an occasional 
non-feeder was detected upon dissection. The ,size of the last instar 
larvae selected averaged about 704 mg, whereas the approximately 3rd 
instar larvae selected ~veraged about 220 mg. Ages of the larvae 
varied with the seasons, depending on the ambient temperatures of the 
laboratory. 
Internal Morphology 
A thorough morphological study was done in order to relate 
structure and organs to digestive.function •.. Previous works on morphol-
ogy were reviewed and discrepancies noted where appli,cable. Exacting 
larval dissections were,made to deter.mine the location of junctions of 
the midgut with the foregut and hindgut in order that studies would 
include the proper tissues. Location of glands that might have 
digestive function were made, including the mandibular glands and the 
silk glands. Their entire lengths were traced to their terminal ·''"' 
junctions. A survey of the adult morphology.was made -to determine the 
location of the salivary glands. 
Dissection.Techniques 
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Dissections .were made .tn .. phosphate~NaOH~buffer,(see 11 Preparation 
of Buffer Solutions 11 below) or distilled .water .. ,Although a physiologi-
cal saline has been developed .. for.this insect.(Burton et al. 1972) it 
could not be used because of its high content .of ,glucose, which, as a 
reducing sugar, affected results, since .many of the tests assayed for 
the amount of reducing sugar. Ionic.content -of the reaction mixture 
does affect the reaction rate .of some enzymes; especially amylase (Hori 
1969), since this enzyme can be stimulated or inhibited. Because of 
this effect, dissections should be made only in cold (refrigerated) 
distilled water. The pH of the distilled water, although somewnat 
acidic (5.5), seemed compatible with most testing. 
Larvae to be dissected were not killed but held under the cold 
water for about l min. This seemed to slow activity enough so that the 
incision could be made and the specimen pinned down to the wax of the 
dissecting pan. The exposed gut was cleaned of attachments such as 
Malpighian tubules and tracheae. The gut was then opened longitudinally 
and sprayed gently with distilled water from-a ,wash bottle to remove gut 
contents. Since the food bolus is within the peritrophic membrane, 
removal of all contents was simple. To remove the midgut it was incised 
at the juncti-0n with the foregut and at the .junction with the hindgut. 
The excised midgut was placed on cracked ice in an ice bucket until all 
needed samples were collected. 
Silk gl~nds c6u1d be excised from the same speci~ens. Since they 
lie freely in the cavity, their removal .is .s.impler than that of the 
midgut. 
The removal of the salivary .glands .from . the adult males and 
females was more diffi.cultr A procedure that seemed to ~ork well was 
finally developed. Newly.emerged.adults were .fro2en fer several days. 
Each was then held and gently rubbed between .. the. fiF1gers beneath the 
running faucet to remove the scales. After pinning the moth to the 
dissection pan an incision was made directly.behind and up each side 
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of the notum. The entire notum, including all of the massive flight 
muscle, was then raised up and moved anteriorly. If properly executed 
the cavity far below was exposed and the salivary glands were visible. 
The fragility of the tiny gJands demanded care in excision. The glands 
were collected onto a piece of aluminum foil which was placed on shaved 
ice in an ice bucket. A standard sample was made up of glands from 20 
adults, 
Preparation of Enzyme Samples 
The midgut and:silk gland· samples were homogenized with a glass 
tissue grinder in 2.5 ml of distilled water, then brought to a total of 
10 ml by rinsing the grinder. Adult salivary glands were homogenized 
.in 1 ml of water and brought to .a total of 2 ml. The samples were then 
centrifuged in the col9
1 
(10°C) at 22,000.9. for 20 minutes. The superna-
tant was decanted and k~pt frozen until needed, but no sample was kept 
more than 30 days. St~ndard samples included 5 midguts and 20 pairs of 
silk glands. 
Measu.rement of M.idgut pH 
Last ins tar corn earwor.m -larvae. were dissected -iA -cold distil led 
water and the -midgut -and.-conterits -were -exci-sed .. and.,di-vi-ded into 3 
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sections - .anteri-or, mid, .. and .. posterior. .•. -Af.ter.-the -dissee:tion of each 
larva the 3 sections including .contents were .plaoed--iF1to individual 1 
ml beakers, 2 drops of di sti .1 led .. water were .added, -and· the pH measured 
using a micro-capillary glass -electrode .... Jhe tests were repeated on 
two different dates using 18 ;larvae eaGh .and ,the means and th,eir 
standard deviations calculated. 
Determination of pH Optima for Enzyme Activity 
With Various Substrates 
Each of the substrates _listed.in Table I .was i-ncubated separately 
at 37°C with fresh extracts of larval midgut, -si-lk,glands, and salivary 
glands. ,The -reaction mixture for each .experiment was 100 µJI. enzyme 
prep., 100 µJI. substrate, and 200 µi,of.appropwiate buffer. The pH 
range was extended-from 3.0.to 11.5 .. -Buffers .used,are listed in the 
section on the Preparation of Buffer Solutions. When a buffer change 
was made, an overlap of at le,ast one.,pH ... value was -made to determine 
differences in activity. In order.to determine the initial reaction 
velocity at each pH, the-mixtures were incubated for the minimum time 
required for measurable results to be.obtained with each substrate. 
The relative amounts of reducing sugar.released were determined by the 
. ' . 
DNSA reducing sugar test described later. Three to four replications 
were included in each test and the tests were run several times. 
Average results_ were plotted graphically using .pH vs. velocity 
(absorbance). 
TABLE I 
SUBSTRATES TESTED, THEIR CONCENTRAlION,BEFORE 
ADDITION TO REACTION .MIXTURES, AND 
INCUBATION PERIODS 
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Measurement. of Velocity .. and .. Substrate 
Concentration .and ... Deter.mi.nati on of 
Michaelis .Constants 
12 
Pr.ogress cur.ves .were estabHshed.for..enaymes. ta-be studied quanti-
tatively in orper that the initial.-velocity .. of ,the-reaction was known. 
Such tests were run using the continuous ,method-where samples were 
removed periodically from one reaction mixture. The reaction of the 
samples was stopped and the rate at this point was determined by using 
the DNSA reducing sugar test. 
Determination of substrate saturating concentration was acco"\P-
lished by increasing the substrate concentration while holding other 
parameters constant ancl measuring velocity by the amount of reducing 
sugar produced. 
·.' ·.; i . 
Substrate concentration was increased until saturation 
was reached. Reaction mixtures were ratios of 2:1:1 for buffer, enzyme 
extract, and substrate .. Incubation temperature was 37°C. Other para-
meters were as follows: 
-Enzyme Pree. · Substrate .e!!. Incubation Period 
Midgut Sucrose 6.5 10 min. 
Silk gland Sucrose 6.5 4 h 
Adult Salivary 
gland Sucrose 6.5 16 h 
·:·.\ 
Midgut Melezitose 6.5 2 h 
Midgut Raffinose 6.5 2 h 
Substrate concentration vs. velocity was then plotted. 
This same technique was ·used for determination of the Michaelis 
constants but the substrate concentration was kept far below saturation 
to prevent the influence of factors that can occur at higher concentra-
13 
tions {Dixon and Webb 1960). At least 3 different enzyme preparations 
were tested and 4 replications determined at.each concentration. A 
standard curve was run with each test to allow conversion of absorbance 
to amount of reducing sugar. Values we.re averaged for each concentra-
tion. Using the Lineweaver-Burk plat {for -determining the Michaelis 
constants) the reciprocals. of the average.values, 1/v and 1/[S], were 
plotted by using linear regression .. The. Km.--for -the enzyme was calcu-
lated as follows: 




. a = y. intercept 
.b = slope 
-.x -= .x .. i-ntercept 
Determination of the Specific.Activity of Invertase 
Tests similar to the above were run using the 2:1:1 buffer, enzyme, 
substrate ratio. The substrate, sucrose, was used at a saturating 
concentration of 0.2 M but not high enough to be affected by substrate 
inhibition (see Results and Discussion). Incubation temperature was 
maintained at 37°C -and the pH at 6.5. A standard curve was run with 
each test.and velocities were converted to the amount of reducing sugar 
produced as a hydrolysis product. Each enzyme preparation was assayed 
by using the Foli.n-Lowry technique (Lowry et al. 1951) {to be discussed 
later) in order to determine the concentration of protein in that 
particular extract. Cal<;:ulations were then made to determine them 
moles of reducing sugar produced/mg of protein/h. From 12-16 replica-
tions were made from at least 3 different enzyme preparations from 
each of the midgut, silk gland and adult salivary glands. Calculations 
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were further made to determine the means and their-standard deviations. 
Preparation pf Buffer.Solutions 
In the study of enzymes a large range of buffer-solutions is 
needed to control the pH at the desired levels in the reaction between 
the enzyme and the substrate .. The preparation of ·buffer solutions 
(Tab 1 e II) is a standard procedure; therefore, Gomori ( 1955) and Weast 
(1970) were followed closely, and this resulted ·in the following set 
of buffers used in the tests. 
Table II states the pH and quantities for the following standard 
buffer solutions: 
*Ao Citrate-Phosphate Buffer 
Stock Solutions: 
lo 0.1 M solution of citric acid (19.21 gin 1000 ml) 
2. 0.2 M solution of dibasic sodium phosphate (53.65 g of 
Na 2HP04• 12H2o in 1000 ml water). 
Mix x ml of l and y ml of 2 and dilute to a total of 100 ml. 




0.1 M solution of citric acid (21 .01 gin 1000 ml) 
0.1 M solution of sodium citrate (29.41 g of CnH 5o7Na3°2H2o 
in 1000 ml; use of the salt with 5 1/2 H2o is not 
recommended) 
Mix x ml of land y ml of 2 and dilute to a total of 100 ml. 
*C. Phosphate Buffer 
Stock Solutions: 
1. 0.2 M solution of monobasic sodium phosphate (27.8 gin 






































pH AND ,QUANTITIES REQUIRED TO PREPARE 
STANl)ARD BUFFER SOLUTIONS 
B* C* 
pH X y pH X y 
3.0 46.5 3.5 6.0 87.7 12.3 
3.5 38.5 11. 5 6.5 68. 5 31.5 
19 •} ,, .4, Q .. 33.0 17. 0 7.0 39.0 61.0 
22.8 4.5 26.7 23.3 7.5 16.0 84.0 
25.7 5.0 20.5 29.5 8.0 5~3 94.7 
28.4 5.5 14. 8 35.2 
32.1 6.0 9.5 41.5 
35.5 
F* G* . 
y pH X y pH X y 
43.0 8.5 50.0 3.0 9.5 50.0 3.8 
30.0 ;\\!9. 0 ··"<;,,. 50.0 8.8 10.0 50.0. 1 o. 7 
17.5 9.5 50.0 19.6 1 o. 5 50.0 17.8 
7.5 l 0. 0 50.0 32,0 ll. 0 50.0 22.7 
2.5 10.5 50.0 4LO 
See text for name of standard buffer. 
15 
D* 
pH X y 
6.0 50.0 5.6 
6.5 50.0 13.9 
7.0 50.0 29. 1 
7.5 50.0 41.1 
8.0 50.0 46.7 
H* 
pH X y 
11.0 50.0 4. 1 
11. 5 50. 0 11. 1 
12.0 50.0 26.9 
2. 0.2 M solution of dibasic sodium phosphate (53.65 g of 
Na2HP04• 7H20 or 71.7 g of Na2HP04• 12H20 in 1000 ml),' 
Mix x ml of land y ml of 2 and dilute. to a total of 100 ml. 
*D. Potassium Phosphate--NaOH Buffer 
Stock Solutions: 
16 
1. 0.1 M Potassium dihydrogen phosphate (45.4 g of KH2Po4 in 
1000 Ml). 
2. 0.1 M NaOH (45.4 gin 1000 ml). 
Mix x ml of l and y ml of 2 but do not dilute. 
*E. Barbital Buffer 
Stock Solutions: 
1. 0.2 M solution of sodium barbital (veronal) (41.2 gin 
1000 ml). 
2. 0.2 m HCl (38% diluted 5X). 
Mix x ml of land y ml of 2 and dilute to a total of 200 ml. 
*F. Glycine--NaOH 
Stock Solutions: 
1. 0.2 M solution of glycine (15.01 gin 1000 ml). 
2. 0.2 M NaOH (90.8 gin 1000). 
Mix x ml of l and y ml of 2 and dilute to 200 ml. 
*G. Sodium Bicarbonate-~NaOH Buffer 
Stock Solutions: 
1. 0.05 M sodium bicarbonate (4.2 g of NaHC03 in 1000 ml of 
water). 
2. 0.1 M NaOH (45.4 gin 1000 ml). 
Mix x ml of 1 and y ml of 2. Do not dilute. 
*H. Sodium Phosphate--NaOH Buffer 
Stock Solutions: 
l. 0.05 M disodium hydrogen phosphate (13.4 g of Na2HP04 in 
1000 ml). 
17 
2. · 0.1 M NaOH (45~4 gin ,1000 ml). 
Mix x ml of l and y ml of 2. Do not dilute. 
The Folin..,Lowry Method of ,Protein Assay 
Enzyme activity was based on the amount of protein in the enzyme 
sample. This procedure allowed the comparison of enzymes from various 
tissues. The general principle of the assay is that the protein 
reacts with the Folin-Ciocalteau reagent to give a colored complex. 
The color formed was due to the reaction of the alkaline copper with 
the protein and the reduction of phosphomolybdate by tyrosine and 
tryptophan present in the protein (Lowry et al. 1951; Plummer 1971; 
Layne 1955). 
The following solutions are required for the assay: 
1) Standard protein solution--0.14.g of albumin from bovine 
serum, crystallized and lyophilized (Sigma Chemical Co., 
St. Louis, Mo. 63178), q. s. to 200 ml with distilled water. 
The concentration is equal to 70 µg/0.l ml. 
2) Prote.i n reagent--Gri nd O. 06 g of Cu SO 4 • 5H20 to a fine powder. 
Add 0.12 g of NaK tartrate and 8.0 g of Na 2co3 to q. s. to 
200 ml. Generally, directions for the test call for the 
Na2co3 to be made up in. NaOH, which acts as a stabilizer. 
The presence of the NaOH interferes with the test; therefore, 
a11 solutions are made fresh daily or for each test. 
3) Fol in.-Cioca lteau I s phenol reagent--Thi s is a commerci a 1 
solution of sodium tungstate and sodium molybdate in phosphoric 
and hydrochloric acid (Sigma Chemical Co., St. Louis, Mo. 
63178) .. It is used at full strength (2N). 
18 
The protein test is .as.follows: 
1) ... Add.the.standard.protein.solution.to test tubes at 0.1, 0.2, 
0.4, 0.6, a.a •. and.l.O.ml .. Add .the .unknown.solutions to test 
tubes (200 µ£.midgut .prep~r 500.µt silkgland prep). Dilute 
these tubes.to.5.ml .with,distilled,water. 
(The adult salivary gland preps were so small that the 
use of a microcell in the B&L Spectronic 2oID was required. 
The samples were not diluted as above but 500 µt of the 
protein reagent added directly to the sample). 
2) Add 5 ml of the protein reagent to a total volume of 10 ml. 
3) Wait 1 h. This 1 his not critical but subsequent tests 
would be closer if timing is exact. 
4) Add 250 µi of the 2 N phenol reagent to the midgut and silk 
gland preps. (Add only 25 µi to the adult salivary gland 
preps.) 
5) Wait exactly 10 min .. -THE TIMING IS CRITICAL. 
6) Read at 660 nm on any colorimeter. On the B&L Spectronic 20® 
use Bulb No. CE~A30 and a red filter. When using the microcell 
be certain the cell holder is put into machine so that it 
fits all the way down; otherwise, a 100% reading will not 
occur. 
7) Record the optical density values for each standard tube and 
plot them on th~ y-axis and the corresponding micrograms of 
protein on the x'.-axis, remembering that .1 ml = 70 µg protein. 
The standard protein curve can now be drawn, unknowns plotted, 
and unknown values of protein are extracted in µg/number of 
µi in sample which is 200 for midgut, 500 for silk gland and 
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500 for adult salivary gland. 
Thin Layer Chromatography 
Thin layer chromatography.teGhniques were essentially the same as 
those described by Walker et al. (1965} developed for determination of 
sugar beet carbohydrates .. The technique was a very sensitive one 
requiring less than 1 µg of carbohydrate. Paper chromatography was 
first tried, but its sensitivity was not as good as thin layer, and, 
above a 11, the technique was very time consuming. Paper chromatographs 
required up to 60 h for development as contrasted with about 4 h for 
thin layer. 
All plates were spread in the laboratory.· Plate material con-
sisted of 10 g of Celite®mixed with 10 g .of caso4 in 50 ml of 0.02 M 
sodium acetate in a small Waring® blende~ for 5-lO min. To avoid 
settling, the material was immediately spread on ultraclean plates. 
Five plates were spread with a 0.25 mm thickness. The plates were air 
dried and immediately before use were activated for 30 min at 125°C. 
Plates were allowed to reach room temperature before use. 
Pl ates were carefully spotted with appropriate carbohydrates by 
using a Hamilton® 10 µi syringe and the spot dried with a small hot air 
blower. Spots were kept 20 cm from the plate edge and 20 cm from each 
other by using a multi~purpose template. Reaction mixtures and stand-
ards were adjusted to about 1" µg of carbohydrate/µi. The plates were 
spotted. with 1 µi or less of liquid, depending upon the carbohydrate. 
Greater than 1 µg caused 11 tailing 11 or zone spread of the spots, thereby 
reducing the amount of resolution. 
The plates were double developed, one dimensionally in 2 ~olvent 
systems at room temperature. They were first developed in 65 parts 
ethyl acetate, 23 parts isopropyl alcohol and 12 parts water. They 
were then air dried and developed in the same direction in 55 parts 
ethyl acetate, 30 parts isopropyl, and 15 parts water.· About 200 ml 
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of each solvent system is required for a Brinkmann tank. The plates 
are air dried again after the second development and sprayed with an 
indicator containing 0.5 ml anisaldehyde, 9.0 ml 95% ethyl alcohol, and 
0.5 ml concentrated H2so4. A regular chromatographic sprayer was used. 
The p1ate was then placed in the oven at 100°C for about 15 min until 
the color developed well. 
Reducing Sugar Test 
When carbohydrates are hydrolyzed the glucosidic linkages are 
broken, exposing the anomeric carbon which has reducing power. 
Measuring this reducing power allows quantitative determination of 
amount of hydrolysis that has taken place. An alkaline solution of 3,5 
dinitrosalicylic acid was used. This was reduced to 3,amino,5-
nitrosalicylic acid by the reducing sugars produced in the reaction 
mixtures of enzyme and\ carbohydrate substrate (Noelting and Bernfeld 
1948; Plummer 1971). 
If substrates were reducing sugars, an increase in reducing sugar 
was measured over the control. Generally, the sugar was also tested 
chromatographically to assure hydrolysis had occurred. 
Generally, reaction mixture tubes were processed in the following 
manner: 200 µt phosphate buffer (see buffer preparation), 100 µt 
enzyme preparation, and 100 µt.of the substrate. A drop of toluene 
was added to each tube as an antimicrobial agent (Evans 1956). The 
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tubes were then incubated the appropriate time, depending on the enzyme 
(Table I). Two ml of DNSA reagent (see below) were added to each 
tube. The tubes were then placed in boiling water for exactly 5 min. 
They were a 11 owed to cool to room temperature and were then diluted to 
10 ml and read on the Bausch and Lomb Spectronic 20® spectrophotometer 
at-540 nm. All samples were allowed to develop until readings were 
between 0.1 and 0.6 nm. A standard curve using l, 2, 3, 4, 5, and 6 
mM/1 of glucose was always run simultanelouslyo One ml of each of these 
solutions, a drop of toluene and 2 ml oflDNSA were boiled, cooled, and 
diluted to 10 ml along.with the reaction mixtures. 
The DNSA reagent was prepared as follows: 
1) Dissolve 300 g sodium-potassium tartrate in 500 ml water. 
2) Add 10 g 3:5 dinitrosalicylic acid to 200 ml 2 N NaOH. 
3) Mix land 2 above together and warm gently. DO NOT OVERHEAT. 
4) Add additional water q. s. to 100 ml. 
CHAPTER III 
RESULTS AND DISCUSSION 
Morphology 
The internal morphology .of a corn earworm larva is diagramatically 
described in Fig. 1. The morphology was recorded by Chauthani and 
Callahan (1967) and clarified by Standlea and Yonke (1968). Further 
work was done on the morphology and histology by Chi (1972). Some 
differences in terminology exist among the papers and some omissions 
occur. Standlea and Yonke (1968) refer to the stomodaeum or foregut as 
the oesophagus and Chi (1972) names it the crop. In any case they are 
referring to the section of the gut between the mouth and the ventricu-
lus (midgut). The tissue of the foregut is somewhat thinner and more 
transparent than the ventriculus and it appears to be somewhat elastic 
but it is doubtful that food is stored here for any length of time. 
Chi shows the branching .of the Malpigian tubules but indicates that 
the tubules only extend anteriorly to the pylorus when actually much of 
the area located posteriorly is filled with tubules which do not appear 
to have any orientation. None of the authors mention the 2 pulsatile 
bladders between the pylorus where the duct empties and the common base 
of the branched tubules. This organ pulsates in synchronization with 
peristaltic movements of the gut. The mandibular glands likewise are 
not mentioned. 
All 3 works refer to the silk glands as salivary glands. In most 
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insects the labial glands .are.the.functional ,salivary glands (Chapman 
1969), but in Lepidoptera .and.Trichoptera they are modified to produce 
silk. These glands terminate at the spinneret at the base of the 
prementohypopharyngeal lobe which is toward the exterior of the insect. 
That is to say, the glands do.not empty into the alimentary canal as do 
salivary glands. 
The Carbohydrases Found in the Corn Earworm 
Since no previous work has been undertaken concerning the digestive 
carbohydrases of the corn earworm it was necessary to do qualitative 
studies to determine which carbohydrate substrates could be hydrolyzed 
by extracts from the digestive system. The DNSA reducing sugar test 
was used to determine positive reactions for hydrolysis. Substrates 
chosen were common carbohydrates that might occur in the diet of the 
insect but included some unnatural ones to help characterize the enzymes. 
Table III shows the results of the tests indicating the relative 
activity at which the substrates were hydrolyzed. The table also indi-
cates the 4 areas of the digestive system which were studied. 
Midgut 
The midgut is undoubtably the major organ of digestion. Much of 
the entire digestive tract is midgut. Chi (1972) explains the histology 
of the corn earworm larval digestive system as that similar to other 
lepidopterans including both columnar epithelial and goblet cells but 
suggests a variety of at least 4 types of these cells. The midgut is 
lined with a peritrophic membrane that contains the food bolus. This 
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The+ sign indicates positive activity and - sign indicates no detected 
activity. Four+ indicate the greatest activity, 3 less, etc. 
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but must be freely permeable to digestive enzymes and digestive products 
(Chapman 1969). 
·The midgut possesses a variety of digestive carbohydrases as seen 
in Table III. The carbohydrate most readily digested appears to have 
been sucrose, probably one of the major dietary sugars. Raffinose and 
melezitose were.also digested readily. Trehalose, the principal blood 
sugar of insects and not a higher plant constituent, was digested. The 
storage polysaccharides, starch and glycogen were digested equally well 
as would be expected since starch probably occurs in the natural diet. 
Less readily digested were inulin, maltose, melibiose and a-methyl 
glucoside. No hydrolysis occurred with cellulose, cellobiose, or 
lactose which will be discussed later. 
Silk Gland 
The occurrence of sucrase in the silk gland or labial gland (Table 
III) cannot be explained. The function of these glands is the produc-
tion of larval silk. They appear to have no 9igestive function since 
the glands terminate at the spinneret, an organ immediately below the 
hypopharynx. Here the silk is emptied to the outside of the body. No 
existing co.nne~tions could be located between the silk glands and the 
alimentary canal. The possibility of extra-intestinal digestion does 
exist but does not appear necessary since sucrose and raffinose are so 
actively hydrolyzed by the midgut. At least 2 other explanations may 
apply. (1) The silk glands, -before their change in function, could 
have served as the salivary glands and perhaps they still function as 
such. (2) Perhaps the silk glands -are precorsors for the adult sali-
vary glands which secretes the same enzyme (see below). 
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Adult Salivary Gland 
This gland, though very .small ,and difficult to remove, showed good 
enzymatic action for the substrates sucrose and raffinose and some 
digestion of. the polysaccharide, inulin. Other substrates were not 
hydrolyzed. Since the corn earworm is principally a nectar feeder such 
a pattern of.digestion is understandable. Eckert and Shaw (1960) state 
that 11 an nectars contain varyi,ng amounts of sucrose, fructose, and 
glucose while some nectars contain smaller amounts of maltose, melibiose, 
and raffinose 11 • Glucose and fructose are generally the absorbed forms 
of carbohydrates and sucrose is a complex of ,the two. Therefore, the 
digestion of .sucrose may be the only hydrolysis required for nectar to 
be a primary energy source. This also indicates that for laboratory 
colonies of this insect sucrose could serve as the only carbohydrate 
I 
required in the diet. 
Larval Mandibular Glands 
No hydrolysis of any carbohydrate was detected by the mandibular 
glands of the larvae. These very small glands were found located in 
the dorsal portion of the fir-st.few segments of the larvae. They appear 
to float freely in the body cavity and seem to terminate at the base of 
the mandibles. Certain oily substances seem to occur within the glands. 
Chapman (1969) states that these glands are large in Lepidoptera and 
serve as the functional salivary glands. In the European corn borer it 
appears that indeed they.are large,(Drecktrah et al. 1966) and probably 
do serve as salivary glands. However, due to the reduced size and 
little if any activity in respect to carbohydrate digestion, it appears 
that the function is probably not as salivary glands in the earworm. 
It is possible that they serve to lubricate the food bolus or to emul-
sify fats. 
The Effect of pH on Substrate Hydrolysis 
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Figures 2, 3, 4, and.5 indicate the effective pH ranges for the 
hydrolysis of the substrates mentioned above, A pH between 5,0 and 8.0 
appeared to be the most favorable for.the· hydrolysis by the midgut of 
several substrates including sucrose (Fig. 2-A), raffinose (Fig. 2-B), 
melibiose (Fig. 2-C), a-methyl glucoside (Fig. 3-A), melezitose (Fig. 
3-C), and maltose (Fig. 3-D). Opimum pH appears to be around 6.0 - 6.5 
for most of these enzymes with activity falling off rapidly above and 
below this range. The optimum for the substrate trehalose appears to 
be somewhat lower than that for melezitose and a-methyl glucoside 
expressing an optimum of about 5.5. This is an indication that a 
specific trehalase is present rather than the general a-glucosidase 
that hydrolyzes melezitose and a-methyl glucoside. The storage poly-
saccharides inulin (Fig. 2-D and Fig. 6), starch (Fig. 4-A), and glyco-
gen (Fig. 4-B) all have broad pH curves indicating the possibility of 
more than one enzyme for that particular substrate. Inul in, which sha 11 
be discussed further in another section, could be digested by 2 enzymes, 
a s-fructosidase and a specific inulinase. However, specific inulinases, 
as discussed later, are very rare in animals. Starch and glycogen could 
be digested by at least 2 different enzymes including an a-amylase and 
an enzyme for hydrolyzing the a-1, 6 cross linkages of amylopectin 
(limit dextranase). Fig. 5-A&B show pH activity curves for silk gland 
enzymes with the ranges comparing favorably with the same substrates in 
the midgut. 
Figure 2. pH Optima for the Hydrolysis of Sucrose, Raffinose, 
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Figure 3. pH Optima .for the.Hydrolysis of ex-Methyl Glucoside, 
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Figure 6. pH Optimum for the Hydrolysis -of Inulin by the Silk Glands. 
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Following the collection of these data.optimum hydrogen ion con-
centrations were used in the,reaetion mixtures.to give the maximum 
activity. This was .accomplished using the appropriate buffer. 
The pH of Midgut Contents 
Sections of midgut .and .thei.r .contents were excised and the pH of 
each section .measured separately. The following pH was obtained: 
Anterior - midgut Mid - midgut Posterior - midgut 
8.24 + 0.23 8.90 + 0.16 8.29 + 0.13 
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This alkali-ne pH is common only to the Lepodoptera and Trichoptera and 
has been the subject of many reports (Wigglesworth 1972; Chapman 1969). 
The pH appears somewhat higher in the mid portion of the midgut in all 
cases. The fact that the buffering system (Chapman 1969) might differ 
for various areas of the midgut is interesting. The most confusing 
aspect, however, is the fact that most pH optima of the midgut enzymes 
are far below this pH and it appears that if this is indeed the whole 
picture, many of the enzymes may.be ineffective. 
Effect of Temperature on the Hydrolysis of 
Raffinose.and.Starch by the Midgut 
Although it seems to be almost.standard procedure to incubate 
reaction mixtures at.either 20° or 37°C (Dixon and Webb 1960) enzymatic 
activity was determined for the substrates raffinose and starch at 
several temperatures (Fig. 7, A&B). · The curve for raffinose indicated 
a fairly sharp peak with activity tapering off rapidly much above or 
below 37°C. The curve for starch on the other hand was broad. The 
results indicate that some of the carbohydrases of the corn earworm 
Figure 7. Effect of Temperatur,e,on,the Hydrolysis of Raffinose and 
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larvae are possibly.adapted-to-high.temperaturesr .. An incubation temper-
ature of 37°C .was chosen.for.the ,in .vitro eni.ymatic .activity. 
Characterization .of .Sucrase (lnvertase) 
Evidence for an .a.~Glucosidase 
Accardi ng to Gilmour. ( 1961) the .ma 1-n alimentary i nvertase of ani -
mals, including insects is an a.~glucosidase. Since sucrose is a 
principal dietary carbohydrate for some plant feeders invertase becomes 
the important enzyme. Invertase is the enzyme(s) responsible for the 
/ 
hydrolysis of sucrose. It is also referred to as sucrase, but both are 
trivial names. Invertase can be composed of either one or both enzymes, 
an a.-glucosidase and a s-fructosidase, each specific for different areas 
of the sucrose molecule .. The sucrose .molecule is composed of glucose 
and fructose: 
Sucrose 
The hydrolysis of the moleeul& only indicates the presence of one or 
both enzymes but does not.distinguish the two. The method used to sh<>w 
the presence of an a.-glucosidase was the selection of substrates for 
which·the enzyme was specific. In thts case both melezitose and a.-
, '."!, 
methyl glutoside were chosen •. As can be seen in Table III both 
. ' 
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substrates were hydrolyzed.though,not to the-same degree. Melezitose 
is a trisaccharide containing glucose, fructose, .and glucose units and 





Both sucrose and turanose can then be hydrolyzed further to glucose and 
fructose. The thin layer chromatography (TLC) plate shown in Fig. 8 
shows that the hydrolysis products were glucose and fructose when incu-
bation was long enough {24 h) to allow the reaction to go to completion. 
The positive indication of hydrolysis of melezitose is almost certainly 
the evidence for the presence of an a-glucosidase. Indeed, the hydro-
lysis of the compound.a-methyl glucoside.further indicates its presence. 
This compound is a methylated glucose and.only.hydrolyzed by an a-
glucosidase: 
a-Methyl Glucoside 
Figure 8. Thin Layer Chromatography Plate,Showing the Hydrolysis of 
Various Carbohydrates ,and Its Products by the Midgut of 
3rd and 5th Instar Corn Earworm Larvae. 
Reference 
Sugars 
Roff inose pH 6.5 
5th I nstor 
Roffinose pH 6.5 
3rd lnstor 
Treholose pH 5.5 
5 th lnstor 
Melezitose pH 6.5 
5th lnstor 















































When the compound is hydrolyzed the methyl group is removed and the 
glucose unit becomes a reductng sugar giving positive results with the 
DNSA test. 
The corn earworm can also digest maltose (Table III). Perhaps 
the same enzyme, a.-glucosidase, is .responsible but Gilmour (1961) 
discusses the possibility .of a specific enzyme for maltose. 
Evidence for a s~Fructosidase 
As mentioned earlier Gilmour (1961) stated that the main alimentary 
invertase for animals, including insects, appears to be an a.-glucosidase 
and evidence for a s-fructosidase in insects is scanty. His statement 
has largely held up since few reports of an actual s-fructosidase have 
occurred. Definite evidence for the enzyme in a dermestid beetle was 
reported by Chinnery (1971). Banks (1963) reported the presence of an 
a-fructosidase on the basis that raffinose was hydrolyzed but an a.-
galactosidase was also present and could have been responsible for 
hydrolysis instead of the s-fructosidase. So it appears that not 
enough evidence was available to support this report. Several workers 
have reported the absence of a.s-fructosidase (Evans and Payne 1964; 
Krishna 1958; Srivastava and Auclair 1962; Davis 1963; Retief and Hewitt 
1973). 
Raffinose, on the other hand, is an excellent substrate for show-
ing the presence of S-fructosidase. It is a trisaccharide made up of 




If a s-fructosidase is present the fructose unit on the right will be 
cleaved leaving melibiose. If an a-galactosidase is present the galac-
tose unit on the left will be cleaved leaving sucrose. An a-glucosi-
dase will not hydrolyze raffinose. Therefore, the test commonly used 
for the presence of a s-fructosidase is the positive identification of 
melibiose as a hydrolysis product. In regard to evidence in the corn 
earworm midgut for s-fructosidase activity, Table III shows that 
raffinose was hydrolyzed. However, melibiose was also hydrolyzed 
indicating the presence of an a-galactosidase. In order to show that 
a s-fructosidase definitely exists, melibiose and fructose as hydroly-
sis products of raffinose must occur. The TLC chromatogram in Fig. 8 
shows that these products were produced by ~oth 3rd and 5th instar 
larvae. The reaction mixtures for 3rd instar larvae were incubated 
24 hand all possible hydrolysis products occurred. The 5th instar 
reaction mixtures were incubated only 4 h showing hydrolysis products 
for only s-fructosidase. Further incubation showed that the melibiose 
was hydrolyzed in the 5th as well as 3rd instar. The fact that the 
a-galactosidase does not digest melibiose in any.detectable quantity 
the first 4 h indicates that the s-fructosidase is a much more active 
enzyme. 
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Further evidence that.a ~-fructosidase is active in the midgut is 
that inulin is hydrolyzed. Inulin ,is a storage .polysaccharide of the 
plant family Compositae. It,might be interesting to determine if any 
of the plants sythesizing inulin.are host plants of the corn earworm 
thus the natural .ability to digest the compound. Inulin is used 
extensively as a research chemical because it is not hydrolyzed by 
most animals. However, because it is digested by_the corn earworm, and 
possibly related insects, certain experiments may not be possible with-
out erroneous results. 




n = approx. 35 
Inulin 
so 
Inulin ·can ·be digested:by.a.a .. fructosidase.and.also .by.a.specific 
inul inase. As previously .mentioned,' the -fact that enzymatic activity 
occurs over a broad pH .r.ange ,i.s some indication of more than one enzyme 
acting -0n the substrate.which,might.be expected for the midgut but the 
same type .curve occurs for ,the ,silk gland .also (Fig. 6\). ·· One enzyme 
in the silk glands seemed -unusual .and the occurrence of both does not 
seem likely. In any case the broad curve -is certainly not conclusive 
evidence and the occurrence of a specific inulinase would be unusual. 
The fact that sucrose, raffinose, and inulin were the only sub-
strates digested by the silk gland and the adult salivary gland has 
been previously discussed. Not pointed out, however, was the fact that 
probably only one enzyme, a-fructosidase was responsible. Figure 9 
shows the positive production of melibiose by both glands. The fact 
' that melezitose and melibiose were not digested indicates that the 2 
other enzymes that could be responsible, a-glucosidase and a-galactosi-
dase, are not present. Little work it seems has been done on digestive 
enzymes in the adult Lepidoptera allowing very little comparison. 
Swingle (1928) showed the occurrence of an invertase in the midgut of 
the adult oriental fruit moth.but no further characterization was made. 
Since the existence of enzymatic activity in the larval silk glands of 
the corn earworm is so unusual no work for comparison should be expected 
to be found. However, one report (Hocking and Depner 1961) shows 
positive results for the hydrolysis of sucrose by extracts from the 
silk (labial) glands of another lepidopteran, Agrotis orthogonia but no 
further'characterization was made. Therefore, the presence of a a-
fructosidase in the adult salivary glands and larval silk glands of 
the corn earworm cannot.be related .to previous work. It would be 
Figure 9. Thin Layer Chromatography Plate Showing the Hydrolysis of 
Various Carbohydrates and its Products by the Larval 
Silk Glands .and the Adult Salivary Glands. 
I-Fructose I Glucose I-
Galactose ~ I 
Sucrose I- f 
Melibiose I- I 
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interesting ,to ,determine the enzymes.in the .adult salivary glands of 
other lepidopterans .. to determine if a a-fructosidase is the invertase 
present or if it is replaced by an -a-glucosidase as might be expected 
in most insects. 
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Final evidence that indicates the presence of a a-fructosidase is 
\ 
the fact that sucrose, at least for midgut extracts, shows substrate 
inhibition (Fig. 10). Instead of the standard substrate saturation 
curve where the saturated portion becomes zero order the rate actually 
falls off sharply. Dixon and Webb (1960) show a similar curve for 
hydrolysis of high concentrations of sucrose by yeast a-fructosidase. 
They point out that enzymes have 2 or more active sites, each combining 
with a particular part of the substrate molecule forming the effective 
enzyme-substrate complex but in this case an ineffective complex is 
formed in which a substrate molecule may combine with only one of 
these sites if the other sites are combined with other molecules 
crowded on to the molecule. Therefore, substrate inhibition further 
indicates the presence of a a-fructosidase since it is characteristic 
for this enzyme. 
Hydrolysis of Melibiose, Starch, and Glycogen 
Melibiose 
The usual substrate used for the determination of an a-galactosi-
dase is melibiose. It forms part of the raffinose molecule. As a 
disaccharide, it contains galactose and glucose. Although not hydro-
lyzed extremely rapidly it was.digested by corn earworm midgut extracts. 
The chromatogram in Fig. 8 shows the positive results of midgut extract 
when incubated with melibiose. Along with the corn earworm many insects 
Figure 10 •. Substrate Inhibitfon Exhibited .by .Extracts from the 
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have an a-galactosidase. Some of these are a dermestid (Chinnery 
1971), the desert.locust.(Evans and Payne.1964), probably a female 
mosquito (Nayar and Saverman 1971), and the blowfly (Evans 1956). 
Starch 
56 
The enzymes for the.digestion of .starch are probably the most 
studied digestive enzymes in insects. It seems that most insects 
possess an a-amylase. It may occur in the salivary glands and gut of a 
bug (Hori 1969a, 1970, 1971). In the desert locust it occurs in the 
salivary glands, foregut, midgut, caeca, and hindgut (Evans and Payne 
1964). These are only examples of a multitude of reports on this 
enzyme. Of course starch has always been a readily available substrate 
and a simple test for its presence has been known for a long time. 
Also, starch is an important dietary energy source for many insects. 
In the corn earworm starch digestion occurs but not as readily as 
for some other substrates. Since the corn earworm seems to be basically 
a fruit feeder perhaps starch is 1 ess important than other carbohydrates. 
Starch is a storage polysaccharide of plants and occurs as a mixture of 
two forms', a-amylase and amylopectin. The a-amylase can digest both 
forms but another enzyme is required for the branch linkages of amylo-
pectin. Although amylopectin hydrolysis was not shown in Table III 
preliminary tests showed that it was hydrolyzed more readily than 
starch itself. Evidently a-amylase, if it had been tested, would have 
been digested much more slowly than starch. Evans and Payne (1964) 
showed the same results with extracts of the desert locust which 
hydrolyzed amylopectin 10 times more rapidly than a-amylase. As men-
tioned in the section on pH, the hydrolysis of starch probably includes 




Glycogen is the storage.polysacaharide of animals and the struc-
ture is basically.the same as starch except glycogen has more branch 
points. Midgut extracts of the corn earworm appear not to hydrolyze 
glycogen as rapidly as starch .although this is contrary to results 
reported by Evans and.Payne (1964) .for desert locust. Further testing 
would be needed to better quantitate the activity. 
Absence of Certain Enzymes 
s-Glucosidase and s-Galactosidase 
No evidence was found to show that any of the s-glucosidic or 
S-galactosidic bonds were hydrolyzed by extracts of the corn earworm. 
In general, it appears that insects, like most other animals, do not 
possess the ability to digest cellulose (s-glusosidase). Higher animals 
digest cellulose only by the aid of symbiotic microorganisms in their 
guts. A few insects have recently been reported to have digested 
cellulose. These include the silverfish (Lasker and Giese 1956), the 
desert locust (Evans and Payne 1964) and others (Gilmour 1961). Gilmour 
(1961) suggests that the cellulose molecule may be broken by a cellulase 
to cellobiose and cellobiose hydrolyzed by the s-galactosidase. (This 
is similar to the starch to maltose to glucose system.) Corn earworm 
extracts did not hydrolyze cellobiose. 
Chitin, an insect structural polysaccharide, was not hydrolyzed 
since it is a very resistant compound to enzymatic attack. However, it 
has been reported that the American cockroach secretes a chitinase 
(Waterhouse and McKellar 1961). 
58 
A.s-galactosidose :was not evident in the corn earworm, thus indi-
cating that lactose would not be suitable food for this insect. The 
artificial diet (CSM) on which these insects were reared for these 
tests contains milk solids and it seems certain that the lactose went 
unutilized. 
A Look at a Few Characteristics of 
Corn Earworm Invertase 
Comparative Activity of Invertase · 
in 3 Extracts 
It appears that invertase is certainly the most important digestive 
carbohydrate of the corn earworm. At least it seems the most active 
and is found in at least 3 locations, the midgut, the silk glands and 
the adult salivary glands. Since the midgut secretes both a-glucosidase 
and s-fructosidase it is necessary to refer to the complex as invertase; 
that which digests (inverts) sucrose. However, the silk glands do not 
secrete an a-glucosidase so invertase in this case is s-fructosidase 
and the same is true for the adult salivary glands. Since the 2 
enzymes in the midgut were not separated they must be compared with the 
single enzyme of the 2 glands. At first this seemed to be an undesir-
able approach but actually from a physiological standpoint it makes 
better sense. What is truly important is actually the hydrolysis of 
sucrose in the midgut and to compare each separately would not measure 
the true insect function; that is, to combine the 2 for digestion. 
Therefore, relative activity for each of the 3 extracts have been 
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compared on the basis of how much reducing sugar, or hydrolysis 
product, each can produce/h. The concentration of protein in each 
sample was determined in order to estimate the amount of enzyme used to 
produce the reducing sugar. This was done by using the Falin-Lowry 
assay (Lowry et al. 1951) which is a good sensitive assay and is common-
' 
ly used for this type of experiment. The problem in the case of the 
corn earworm is not with the midgut and adult salivary gland, which 
probably assayed about normal, but with the silk glands. Since the 
Falin-Lowry assay measures protein, then not only is the enzyme content 
measured but also included is the pre-cursor of the proteinacious silk 
contained in the glands •. Therefore, it is expected that the value for 
silk gland in Table IV, which compares the activity, is somewhat low 
since the amount of protein is somewhat high. In working with the 
enzymes it appears from observations that the silk gland extracts 
would be slightly more active than the value indicates. As seen by the 
standard deviation for the means, these tests were fairly reproducible, 
even between extracts from different test insects. 
The midgut extract certainly did exhibit a very high activity. 
Incubation periods were only 10-15 min. The great amount of activity 
could probably be attributed to several things including: the quantity 
of enzyme available; perhaps the fact that 2 enzymes are involved; the 
affinity of the enzymes for their substrate as we shall later see; and 
probably other factors .. Physiologically, of course, the need for 
digestion of large quantities of sucrose occurs in the midgut. 
Kinetic Studies on the Invertase 
In these kinetic experiments sucrose was used as a substrate with 
,TABLE IV 
RELATIVE ACTIVITY -OF INVERTASE IN 3, EXTRACTS 
.. FROM THE CORN EARWORM 
Extract 
Larval midgut 
Larval silk gland 
Adult salivary gland 
mmoles reducing suga~ 
produced/mg protein/h_/ 
182.l + 5.2 
14.9 + 0.5 
10.8 + 0.5 
a/ The standard deviation is shown for the means. 
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the extracts from .. midgut.,.sllk.glands, and adu.lt salivary glands. Only 
one velocity-substrate. curve .. is .. shown. (f..ig .. lO),.denoting substrate 
inhibition whereas. the.,,remai.nder .wer.e rather typi-cal. Instead, double 
reciprocal plots -of l/v against-1/[S] -are.shown with the calculated Km, 
the Michaelis constant. Calculations are-explained in the methods 
section. This range of substrate concentrations used was 10 to 200 mM. 
High concentrations produced erroneous -results due to unexplained 
effects {Dixon and Webb 1960) •. The Km for the extract of the midgut 
using sucrose as a substrate was 14.69 mM {Fig. 11). It must be kept 
in mind that invertase in the midgut is a complex of 2 enzymes, a-
glucosidase and s-fructosidase. Although few kinetic studies have been 
done on insect digestive enzymes .there are 2 comparisons that can be 
mentioned. Marzluf {1969) homogenizad whole Drosophilla sp. and studied 
purified extracts of trehalase and sucrase {invertase). However, 
sucrase showed specificity for.the a-glucosidic linkage entirely. He 
reported a Km for-sucrase of-33 -mM. Evans and Payne {1964) reported a 
Km of 17.3 mM for desert locust extracts using a-methyl glucoside as a 
substrate, which, of course, is an-a-glucosidase. 
The Km for extracts of the salivary glands {a-fructosidase) using 
sucrose as a substrate was 111.99 mM {Fig. 12). Both the midgut and 
salivary gland extract studies gave good reproducible results. On the 
other hand, silk gland extracts results were not reproducible and 
· -establishing a Km for the s-fructosidase it- possesses has not been 
possible at this time. The original plan was to compare the Km of the 
3 extracts with sucrose as the Substrate .. 
Midgut extracts were also used to determine Km using raffinose and 
melezitose as substrates {Fig. 13 and 14). Using.raffinose the 
Figure 11. Lineweaver-Burk Plot .of Substrate-Velocity Data for Sucrose 
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Figure 12. Lineweaver-Burk Plot-of Substrate-Velocity Data for Sucrose 
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specificity would be. primar.i..ly .. for -the a .. fruGtosidtc linkage since a-
galactosidase. activity was .. appar.ently -very small; that is, unless some 
unknown influence occurred., .. On the -other hand., . as far as is known the 
specificity for melezitose. would ,be a. .. glucosid.ic ent.irely. The Km 
derived for raffinose (Fig •. :13),.was 30.,76. mM. and ~hat for melezitose 
{Fig. 14) was 30.78 mM. 
The Km of an enzyme. is .an .. approximate. inverse measure of the 
affinity -of the enzyme for the substrate. That is, the smaller the Km, 
the greater the substrate affinity. In applying this to the values 
given for sucrose the midgut shows a greater affinity than that of the 
salivary glands, as would be expected, since a greater need for activity 
piobably occurs here. In respect to melezitose ~nd raffin~~e, ~J~gut 
enzymes show approximately the same affinity but only half that<for 
sucrose, again as would be expected, since sucrose may be the mos,t 
·;: \I'.,'. 
important dietary sugar. 
A General Look at Corn Earworm Carbohydrases ·. :: 
There is little doubt that carbohydrates serve a majorpar·tof the 
energy source for the corn earworm. The scope of the enzy111e, com~lement 
: ' 
supports this view. The complement is, however, about what would be 
expected considering. the host plants -and comparing other insect abili-
. C ' .. ' I 
ties. That is, all would be expected except, perhaps, the occurr~nce of 
a a-fructosidase. On.the.other hand the enzyme could have been.func-
.. . : :: i'\.:':· 
tional in its ancestry.,. maintained in ·.the corn earworm becai.fse of:need 
' s::;. 
and lost by most other insects .. This hypothesis may explairi' its,., 
. . ::1'i ;'/:' 
occurrence, particularly if the-food sources have continuallj contained 
carbohydrates such as raffinose (which is a common plant sugar) .~nd 
;. 
),. . 
inulin {common to the Family Compositae). 
On the other hand, the occurrence of a a-fructosidase may not be 
so uncommon when more informati.on is gathered for related species and 
even some that are unrelated .. ·. ,As .mentioned earlier there are several 
negative reports of the enzyme but these are for a few unrelated 
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species and by no means .an. indication for other species. There are no 
reports where sucrose was characterized in Lepidoptera with the possible 
exception of one for the silkworm {Barnard 1973) where a a-fructosidase 
was found. Therefore, it is possible that many of the Lepidoptera will 
be found to secrete this enzyme when more studies are done. 
The occurrence of trehalase in the midgut is another phenomenon 
that is difficult to explain. Evidently no trehalose occurs in higher 
plants {Wyatt 1967), therefore, no trehalose would occur in the corn 
earworm's host plants. So why does the corn earworm secrete atrehalase? 
The insect does have one dietary source that is in the blood of other 
corn earworms since it is naturally cannibalistic. It can be reared 
through to adulthood with other larvae as the only food source. 
However, according to Wyatt {1967) trehalase occurs in other insects 
and these may not be cannibalistic. Wyatt explains that the function 
of the enzyme might be to hydrolyze any trehalose that might diffuse 
into the gut from the hemolymph. Thus trehalose, upon hydrolysis by 
the trehalase to the resulting glucose, would then be reabsorbed by 
the gut. Therefore, the function.becomes one of conservation. 
.CHAPTER IV 
. SUMMARY-AND CONCLUSIONS 
In general, the corn earworm larva has an adept ability to digest 
a variety of carbohydrates. The long list of host plants is a reflec-
tion of this fact and is an indication of the insects adaptability. It 
is capable of digesting at least 4 disaccharides; sucrose, trehalose, 
maltose and melibiose. Trisaccharides that showed hydrolysis were 
raffinose and melezitose. Polysaccharides digested were starch, glyco-
gen, and inulin. The pH optima for the di- and trisaccharides ranged 
from 6.0 - 6.5 but the curves for polysaccharides were quite broad and 
tended to show double peaks. Trehalose digestion showed a lower pH 
optimum than did the a-glucosidase indicating a specific trehalase. 
Morphological studies showed that the majority of the alimentary 
canal was midgut, the likely location for the majority of the diges-
tive and absorptive functions. Silk glands showed good s-fructosidase 
activity but morphologically showed no characteristic for digestion 
since the glands terminate to the outside rather than in the alimentary 
canal. The free floating minute mandibular glands located in the dor-
sal portion of the first larval segments show no carbohydrase activity 
leaving their function to pure speculation. 
The invertase in the silk gland and adult salivary gland appeared 
to be only one enzyme, namely s-fructosidase. However, the invertase 
found in the midgut was both an a-glucosidase and s-fructosidase. The 
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relative acti.vity for .these ... ir:ivertases .were .. qu.i.te .. different. The 
invertase of -the. midgut .. showed .. gr.aater .aoti.vity ,w.ith 182 mmoles of 
reducing sugar. produced/mg .. of .. protei-n/h .than .. did .. the silk glands with 
15 mmoles and the salivar:y .. glands .with almost.-11 .mmoles. 
Lineweaver-Burk plots of .. en2yme-substrate data produced a Km for 
I 
micf~ut invertase of 14.69 .mM .. wh.iGh .was .considerably smaller than that 
for salivary glands invertase.found.to be 111.99 mM. The Michaelis 
constant found for the midgut-extracts using raffinose and melezitose 
as substrates were 30.76 and 30.78. 
In reference to nutritional requirements, glucose would probably 
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fill the entire need for carbohydrates. Of course glucose is a hydro-
lysis product of nearly all the carbohydrates tested in t~is study and 
probably also of most.natural.carbohydrates. It is sometimes thought 
that complex carbohydrates.may be dietary requirements. Chances are 
this is never the case because-the.requirements are met by the sugars 
that can be absorbed.and.generally this.-is glucose. Fructose and 
galactose may not be absorbed but converted to glucose first. Therefore, 
in the formulation of an artificial diet the simplest formula would 
include glucose and if.an invertase is,present the most inexpensive 
formula would include sucrose. 
.. A.-SELECTED. BIBLIOGRAPHY 
Banks, W. M. 1963. Car-bohydr-ate ,digesUon -in ,the cockroach. Sci. 
141: 1191-1192. 
Barnard, E. A. 1973. Compar.ative biochemistry of digestive enzymes . 
.!!l Prosser, C. L. (Ed). •.. Comparative Animal Physiology. W. B. 
Saunders Co. Philad~lphia. 
Barrington, E. J. W. 1962 ... D.igesti-ve enzymes. Adv. Comp. Physiol. 
Biochem. 1: 1-65. 
Burton, R. L. 1969. Mass rearing the corn earworm in the laboratory. 
USDA-ARS 33-134 .. 8 pp. 
Burton, R •. L. 1970 •.. A low-cost artiffoial diet for the corn earworm. 
J. Econ. Entomol • 63: 1969-1970. 
Burton, R. L., D. G. Hopper,.J. R~ .Sauer.and J. ,H. Frick. 1972. 
Properti.es of the haemolymph.of .the corn-earworm. Comp. Biochem. 
Physiol. 428; 713-716. 
Chapman, R. F. 1969 .. The insects:. Str-ucrture and function. American 
Elsevier Pub. Co., Inc .. , N .. v .. 819 pp. (p. 53). 
Chauthani, A. R. and P. S. Callahahan. 1967. Developmental morphology 
of the alimentary canal of Heliothis zea-(Lepidoptera: Noctuidae). 
Ann. ·"Entomo 1 . Soc~ ·Amer~ 60: · 1136-114,.-:--
Chi, Che. 1972. Morphology and histology of the larval digestive 
system of Heliothis virescense-(fabr.)_. Heliothis zea (Boddie), 
Spodoptera·flui i erda (J. E. Smith) and Spodopteraci"rnithogalli 
(Guenee). Lepidoptera, Noctuidae). Masters Thesis, Oklahoma 
State University, Stillwater. 48 pp. 
Chinnery, J. A. B. 1971. Carbohydrases of the midgut of the leather 
beetle Dermestes maculatus. J. Insect Physiol. 17: 47-61. 
Dadd, R. H. 1963. Feeding behavior and nutrition in grasshoppers and 
locusts., Adv. Ins. Physiol. 1: 47-111. 
Davis, G. R. F. 1963. Carbohydrase activity of alimentary canal 
homogenates of five grasshopper species (Orthoptera: Acrididae). 
Arc. Int. Physiol. Bio. 71: 166-174. 
Day, M. F. and D. F. Waterhouse. 1953. The mechanism of digestion. In 
Roeder, K. D. (Ed.}, Insect Physiology Wiley and Sons, New York.~ 
74 
75 
Dixon, M. and E. C. Webb .. 1960. Enzymes. Academic F!ress, Inc., N. Y. 
Drecktrah, H. G., K. L. Knight and LA. Bri11dley. 1966. Morphologi-
cal investigations .. of the ,internal anatomy of the fifth larval 
instar of the European .corn borer. Iowa St. J. Sci. 40: 257-286. 
Eckert, J. E. and F. R. Shaw. 1960. Beekeeping. The Macmillian Co., 
N. y. 
Evans, W. A. L. 1956. Studies on the digestive enzymes of the blowfly 
Calliphora erythrocephala. Exptl .. Parasitol. 5: 191-206. 
Evans, W. A. L. and D. W. Payne. 1964. Carbohydrases of the alimen-
tery tract of the desert locwst, Schistocerca gregaria Forsk. 
J. Insect Physiol. 10: 657-674. 
Fisk, F. W. 1950. Studies on proteolytic digestion in adult Aedes 
aegypti mosquitoes. Ann. Entomol. Soc. Amer. 43: 555-572. 
Friend, W. G. 1958. Nutritional requirements of phytophagous insects. 
Ann. Rev .. Entomol. 3: 57-74. 
Gilmour, D. 1961. The biochemistry of insects. Academic Press, Inc. 
New York. 
Gomori, G. 1955. Preparation of buffers for use in enzyme studies. 
In Colowick, S. P. and N. 0. Kaplan. Methods in enzymology 
T: 138-146. 
Hamm, J. J., R. L. Burton, J. R. Young and R. T. Daniel. 1971. · 
Elimination of Nosema heliothidis from a laboratory colony of 
the corn earworm. Ann. Entomol. Soc. Amer. 64: 624-627. 
Hocking, B. and K. R. Depner. 1961. Larval nutrition in Agrotis 
orthogoni a (Lepi doptera: . Phal aeni dae): Digestive enzymes. Ann. 
Entomol. Soc. Amer. 54: 86-89. 
Hori, K. 1969a. Effect of .various activators on the salivary amylase 
of the bug Lygus disponsi. J. Insect Physiol. 15: 2305-2317. 
Hori, K. 1969b. Some properties of salivary amylases of Adelphocoris 
suturalis (Miridae), Dolycoris baccarum (Pentatomidae), and 
several other Heteropteran species. Ent. exp. & appl. 12: 454-466. 
Hori, K. 1971. Physiological conditions· in the midgut in relation to 
starch digestion and the salivary amylase of the bug Lygus 
disponsi. J. Insect Physiol. 17: 1153 .. 1167. 
House, H. L. 1961. Insect nutrition. Ann. Rev. Entomol. 6: 13-26. 
House, H. L. 1965a. Digestion. In Rockstein, M. (Ed.), The Physiology 
of insecta. Vol. 2. Academic'"Press, New York.-
House, H. L. 1965b .. Insect -nutrition ... In. Rockstein, M. (Ed.}, The 
physiology. of insecta •. Vol. ,2. Academic Press, New York. 
76 
Krishna, .S. S. 1958 ... Further. studies ,on.,d.igest.ion of food in the gut 
of Trogoderma larva .. L D.i-gesti ve enzymes - carbohydrases. 
Physiol. Zool. 31:,3.16-323. 
Lasker, R. and A. C. Giese.. 1956. Cellulose digestion by the silver-
. fish. Jour. Exptl. Biol. 33~ 542-543. 
Layne, E. 1955. Protein estimation with the Folin~Ciocalteau reagent. 
1n. Colow.ik, S. P. and. Kaplan, N; O. (Ed.), Methods in Enzymology. 
3: 448-450. Academic Press, N. Y. 
Lineweaver, H. and D. Burk. -1934. The determination of enzyme 
dissociation constants •. J. Amer. Chem. Soc. 56: 658-666. 
Lipke, H. and G. Fraenkel. 1956. Insect nutrition. Ann. Rev. Entomol. 
1: 17-44. 
Lowry, 0. H., N. J. Rosebrough,A. L. Farr, andR. J. Randall. 1951. 
Protein measurement with the Falin phenol reagent. J. Biol. Chem. 
193: 265-275. 
Marzluf, G. A. 1969 .. Studies .of trahalase and sucrase of Drosophila 
me l anogas ter. Archs. Bio chem. Bi ophys. 134: 8-18. 
McMillian, W. W., K. J. Starks, and M. C. Bowman. 1967. Resistance in 
corn to the corn earworm., Heliothis zea, and the fall armyworm, 
Spodoptera frugiperda (Lepidoptera:.Noctuidae). Part I. Larval 
feeding responses to corn plant..extracts. Ann. Entomol. Soc. 
Amer. 60: 871-873. 
Nayer, J. K. and D. M. Saverman, -Jr. 1971. Physiological effects of 
carbohydrates on survival, metabolism and flight potential of 
female Aedes taeniorhynchus. J. Insect Physiol. 17: 2221-2233. 
/ 
Neunzig, H. H. 1963. Wild host plants of. the corn earworm and the 
tobacco budworm in eastern North CaroHna. J. Econ. Entomol. 
56: 135-139-. 
Noelting, C. and P. Bernfeld. 1948. Sur les. enzymes amylolytiques-III. 
Las-amylase: Dosage d'activate et controle de l'absence d 1 ~-
amylase. Helv. Chim. Acta. 31: '286-290. · 
Plummer, D. T. 1971. An introduction to practical biochemistry. 
McGraw-Hill Book Co., Ltd. Maidenhead, Berkshire, England. 
p.156. (369pp.) 
Retief, L. W. and P. H. Hewitt. 1973. D.igestive carbohydrases of the 
harvester termite Hodotermes mossambicus: ~-glucosidases. J. 
Insect Physiol. 19: 105-113. 
.. ~ ..... .. •' 
Saxena, K. N. 1955 .. Studi,es on ,the passage .of food, hydrogen ion 
concentration and enzymes in the gut and salivary glands of 
Dysdercus koenigii Fabr. (Pyrrhocoridae-Heteroptera}. J. Zool. 
Soc. India 7: 145~154. 
77 
Srivastava, P. N. 1961. Studies on the physiology of digestion in the 
last instar larvae of the rice moth {Corcyra cephalonica Stainton}. 
II. Digestive enzymes and effect of starvation on their secretion. 
Beitr. Entomol. 11: 11-15. 
Srivastava, P. N. and J. L. Auclair. 1962. Characteristics of 
invertas.e from the alimentary canal of the pea aphid, Acyrthosiphon 
pisum {Harr.} {Homoptera, Aphididae}. J. Insect Physiol. 8: 
527-535. 
Standlea~ P. 0. and T. R. Yonke. 1968. Clarification of the descrip-
tion of the digestive system of Heliothis zea. Ann. Entomol. Soc. 
Amer. 61 : 1478-1481 . -
Sundaram, R. M. and R. K. Jarshney. 1969. A preliminary study of the 
digestive enzymes in the last instar larva of Eublemma amablis 
Moore {Lepidoptera: Noctuidae}. J. Animal Morphol. Physiol. 
16: 79-83. 
Swingle, H. S. 1925. Digestive enzymes of an insect. Ohio J. Sci. 
25: 209-218. 
Swingle, H. S. 1928. Digestive enzymes of the oriental fruit moth. 
Ann. Entomol. Soc. Amer.· 21: 469..;.475. 
Trager, W. 1953. Nutrition. In Roeder, K. D. (Ed.), Insect physiol-
ogy. Wiley and Sons, New York. ~ 
Vanderzant, E. S. 1974. Development, significance and application of 
artificial diets for insects. Ann. Rev. Entomol. 19: 139-160. 
Walker, H. G., Jr., B. A. Ricci, and J.C. Goodwin. 1965. Thin-layer 
chromatography of sugar beet carbohydrates. J. Amer. Soc. Sugar 
Beet Technol. 13: 503-508. 
Waterhouse, D. F. 1957. Digestion in insects. Ann. Rev. Entomol. 
2: 1-18. 
Waterhouse, D. F. and J. W. McKellar, 1961. The distribution of 
chitinase activity in the body of the American cockroach. J. Ins. 
Physiol. 6: 185-195. 
Weast, R. C. {Ed.}. 1970. Handbook of chemistry and physics. The 
Chemical Rubber Co., Cleveland. p. D-104. 
Wigglesworth, V. B. 1927. Digestion in the cockroach. II. The 
digestion of carbohydrates. Biochem. J; 21: 797-811. 
78 
Wigglesworth, V. B. 1972. The prinaiples of insect physiology. Wiley 
and Sons, New York. 
sqwyatt, G. R. 1967. The biochemistry of sugars and polysaccharides in 
insects. Adv. Ins. Physiol~ 4: 287-360. 
VITA 
. Robert Lee Burton 
... candidate.for.the Degree of 
Doctor.of Philosophy 
Thesis: DIGESTIVE CARBOHYDRASES -OF THE CORN EARWORM, HELIOTHIS ZEA 
(BODDIE) -
Major Field: Entomology 
Biographical : 
Personal Data:. Born in Antlers, Oklahoma, August 23, 1936, the 
son of Charles L. and Sally Burton. 
Education: Graduated from Antlers High School, Antlers, Oklahoma, 
1954. Attended Eastern Oklahoma A. and M. College, Wilburton, 
Oklahoma 1955-56; Southeastern State College, Durant, Oklahoma 
1959-60; University of Oklahoma, Norman, Oklahoma 1960-61; 
received the Bachelor of Science degree from Oklahoma State 
University, Stillwater, Oklahoma 1963; received the Master of 
Science degree from Oklahoma State University 1964; and 
completed requirements for the Doctor of Philosophy in May, 
1974. 
Professional Experience: Map draftsman, Continental Oil Company, 
1956-1959; Field Entomologist, Stanford-Vadder Entomology 
Service, 1961; Research Assistant, Oklahoma State University, 
Department of Entomology, 1962-1963; Research Entomologist, 
USDA, ARS, Southern Grain Insects Research Laboratory, Tifton, 
Georgia, 1964-1970, Small Grain and Sorghum Insects Laboratory, 
Stillwater, Oklahoma~ 1970-1974. 
Organizations: Phi Sigma Society, Entomological Society of America, 
and Sigma Xi. 
